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Thermal imaging has been applied to detect possible temperature variations in various rheumatic 
disorders. This study sought to determine whether rheumatoid arthritis (RA) patients without active 
synovitis in their hands exhibit different baseline thermographic patterns of the fingers and palms 
when compared to healthy individuals. Data from 31 RA patients were compared to that of 51 healthy 
controls. The RA patients were recruited upon confirmed absence of synovitis by clinical examination 
and musculoskeletal ultrasound. participants underwent medical infrared imaging of the regions of 
interest (ROIs). Significant differences were found between the mean temperatures of the palm regions 
(29.37 °C (SD2.2); n = 306) and fingers (27.16 °C (SD3.2); n = 510) of the healthy participants when 
compared to the palm regions (31.4(SD1.84)°C; n = 186) and fingers (30.22 °C (SD2.4); n = 299) of their 
RA counterparts (p = 0.001), with the latter group exhibiting higher temperatures in all ROIs. Logistic 
regression models confirm that both palm and finger temperature increase significantly in RA without 
active inflammation. These innovative findings provide evidence that baseline thermal data in RA differs 
significantly from healthy individuals. Thermal imaging may have the potential to become an adjunct 
assessment method of disease activity in patients with RA.
Thermography is an emergent technology that has the potential to become an important clinical tool in various 
fields of medicine, since disease processes can vary the magnitude and pattern of emitted heat in the afflicted per-
son1. Besides the obvious effects that vascular perfusion, or sometimes the lack of it, through human tissue may 
have on body heat emissivity, inflammation also has the potential to alter such heat patterns and magnitude since 
warmth and localised hyperaemia, are two important components of the inflammatory process2.
Persistent synovitis is the hallmark manifestation of RA. Clinical signs of RA include pain and swelling3, 
which often progress to produce deformity unless early aggressive therapy is initiated4. Structural damage is 
associated with irreversible pain and functional impairment5, with synovitis being one of the most important 
predisposing factors preceding structural damage6.
In the early stages of the disease, patients may present without apparent joint swelling, making timely detec-
tion difficult. Although wider availability of musculoskeletal ultrasound has enabled earlier detection of synovitis, 
it still has limitations such as access, time required to perform the investigation and being operator dependent3. 
Nonetheless, to date ultrasound has been proven to have the capacity to predict subsequent progression of struc-
tural damage following diagnosis of synovitis7.
The application of thermography to quantify the effect of disease processes on heat emissivity has been studied 
in a wide range of conditions ranging from assessment of the diabetic foot to breast cancer1. However, evidence 
of its role in the assessment of inflammation in RA is lacking. Published research to date is characterised by small 
sample sizes and a lack in methodological consistency. Furthermore, there is conflicting evidence in literature 
regarding the applicability of thermography in RA. Whilst a study reports that while there may be a role for ther-
mography in assessment of larger joints, it does not appear to be an effective modality for the small joints of the 
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hand8, another study reported that the authors demonstrated that infrared can identify the presence of rheuma-
toid arthritis and the best joints to measure were the metacarpals of the hand, and more specifically the 2nd and 
3rd joints3. This creates an anomalous situation in this imaging field and, more importantly, currently there is no 
description of the thermographic characteristics of rheumatoid hands and wrists, which would form the basis on 
which such studies can be built upon.
The aim of the study was to determine whether patients with established RA but no clinical signs and symp-
toms of inflammation including pain, swelling and tenderness, would exhibit different thermographic patterns 
when compared to healthy controls. Consequently this would permit the development of an innovative, noninva-
sive, inexpensive and more reproducible method to detect the presence of inflammation in RA.
Results
The RA group consisted of 29 females and 2 males (mean age 60.19years (SD = 12.38); mean height 1.57 m 
(SD = 0.09); mean weight 75.7 kg (SD = 21.53)). The Healthy group consisted of 51 participants (12 males and 
39 females with a mean age of 36years (SD = 12.24), mean weight 70.5 kg (SD = 14) and mean height of 164.5 cm 
(SD = 9.7)).
Mean duration of RA amongst the study group was 15.2years (SD = 11.9). 29 participants were on Disease 
Modifying Drugs (DMARDS); out of these, 5 were also on Biologics, 4 were also on glucocorticoids, 2 were also 
taking NSAIDs, whilst 4 were on DMARDS + glucocorticoids + biologics. 13 were on DMARDS alone. Another 
participant was on DMARDS + NSAIDs + analgesics. Another participant was on Biologics alone whilst another 
was on Biologics + Glucocorticoid treatment.
Univariate statistical tests. No significant differences in mean temperatures were found in the 3 ROIs 
of the palms of both the healthy and RA group when analysed individually, both for left and right when imaged 
from the palmar regions; also between the 5 fingers, of both left and right when imaged from palmar regions, of 
both groups (Table 1).
Table 2 however demonstrates significant differences in mean temperatures between the palm and finger 
regions, for both groups, with the palm being warmer than the fingers(p = 0.001). There were significant dif-
ferences in both palm and finger mean temperatures between the healthy and RA groups, with the latter group 
exhibiting higher mean temperatures in both regions. No significant differences in mean temperatures were 
found between the Left and Right RA wrists. No similar comparison could be carried out with healthy wrists 
since this data was not available.
Multivariate statistical tests – logistic regression. In the first Logistic Regression model, the depend-
ent variable is health status (RA, Healthy), while the three predictors are Palm Temperature, Palm location 
(Medial, Central, Lateral) and Palm Orientation (Left, Right). A Binomial distribution was assumed since the 
dependent variable has two categories. Table 3 reports potential predictors identified by the logistic regression 
model for the palm data, whilst Table 4 reports odds ratio and corresponding 95% CI for palm temperature.
Palm location and Palm Orientation were not found to be significant predictors since the p-values exceed the 
0.05 level of significance(p = 0.817 and p = 0.727, respectively). A backward procedure was used to fit the parsi-
monious model, which identified Temperature as a sole significant predictor (p = 0.0001).
Regions
Number of regions 
investigated p-value
Palms (medial, central and Lateral ROIs)
Rt/Lt (Healthy) 306 0.560
Palms (medial, central and Lateral ROIs) Rt/Lt (RA) 186 0.147
Fingers Rt/Lt (Healthy) 510 0.848
Fingers Rt/Lt (RA) 299 0.704
Table 1. ANOVA tests comparing palm regions and fingers of both hands in individual groups.
Regions
Number of Regions 
investigated
Mean Temp
°C (SD) p-value
Palm RA vs
Palm Healthy
186
306
31.4(1.84)
29.37(2.2) 0.001
Fingers (RA) vs
Fingers (Healthy)
299
510
30.22(2.4)
27.16(3.2) 0.001
Palms vs
Fingers (Healthy)
306
510
29.37(2.2)
27.16(3.2) 0.001
Palms vs
Fingers (RA)
186
299
31.4(1.84)
30.22(2.4) 0.001
Wrists (RA) Left vs
Right
28
27
31.35(0.87)
31.09(0.80) 0.628
Table 2. Independent Sample T-test healthy vs RA participants’ different ROIs except for the last test, which 
tested Left to Right wrists of RA group.
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The regression coefficient of Temperature (0.479) is positive indicating that the palm temperature of rheu-
matoid arthritis participants is expected to be higher than that of healthy participants. The odds ratio (1.614) 
indicates that for every 1 °C increase in palm temperature, the odds that the participant has rheumatoid arthritis 
rather than being healthy increases by 61.4%. This odds ratio ranges from 45.1% to 79.7% assuming a 95% con-
fidence level. The Logistic regression model that relates the probability (p) that a participant has rheumatoid 
arthritis given the palm temperature is:


 −



= − . + .log p
1 p
15 093 0 479 Temperature
(1)e
where p is the probability that the participant has rheumatoid arthritis and 1- p is the probability that the partic-
ipant is healthy.
The probability curves (Fig. 1) clearly show that the likelihood of rheumatoid arthritis increases as the palm 
temperature increases.
In the second Logistic Regression model, the dependent variable is health status (Rheumatoid Arthritis, 
Healthy) while the three predictors are Finger Temperature, Finger location (First, Second, Third, Fourth and 
Fifth) and Finger Orientation (Left, Right). A Binomial distribution was also assumed since the dependent vari-
able has two categories.
Finger location(p = 0.958) and Finger Orientation (p = 0.836) were not found to be significant predictors. 
A backward procedure was used to fit the parsimonious model, which identified Finger Temperature as a sole 
significant predictor (p = 0.001).
Tables 5 and 6 report potential predictors identified by the Logistic Regression model for the finger data and 
odds ratio and corresponding 95% CI for temperature for finger temperature, respectively.
The regression coefficient of Temperature (0.338) is positive indicating that the finger temperature of rheu-
matoid arthritis participants is expected to be higher than that of healthy individuals. The odds ratio (1.402) 
Likelihood Ratio Tests
Effect
Model Fitting Criteria Likelihood Ratio Tests
−2 Log Likelihood Chi-Square df P-value
Intercept 543.956 0.000 0 .
Temperature 646.567 102.6 1 0.000
Palm Location 544.361 0.405 2 0.817
Orientation 544.078 0.122 1 0.727
Table 3. Potential predictors identified by the Logistic Regression model for the palm data.
Effect B
Std. 
Error Wald P-value
Odds 
ratio
95% C.I for Odds Ratio
Lower 
Bound
Upper 
Bound
Intercept −15.093 1.682 80.472 0.000
Temperature 0.479 0.055 77.040 0.000 1.614 1.451 1.797
Table 4. Odds ratio and corresponding 95% CI for palm temperature.
Figure 1. Probability vs temperature curves for palm regions.
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indicates that for every 1 °C increase in finger temperature, the odds that the patient has rheumatoid arthritis 
rather than being healthy increases by 40.2%. This odds ratio ranges from 32.5% to 48.3% assuming a 95% confi-
dence level. The Logistic regression model that relates the probability (p) that a patient has rheumatoid arthritis 
given the finger temperature is:


 −



= − . + .log p
1 p
10 261 0 338 Temperature
(2)e
where p is the probability that the patient has rheumatoid arthritis and 1- p is the probability that the patient is 
healthy. The probability curves (Fig. 2) clearly show that the likelihood of rheumatoid arthritis increases as the 
finger temperature increases.
Discussion
This is the first study exploring thermographic patterns of patients with RA comparing them to healthy controls. 
Our results have clearly shown that an RA hand without active synovitis exhibits higher temperatures when 
compared to healthy individuals, with particular thermal properties as outlined in the fitted Logistic regression 
models.
For palm temperatures, the two probability curves (Fig. 1) intersect at 31.5 °C, which implies that individuals 
whose palm temperature is less than 31.5 °C are more likely to be healthy; while persons whose palm temperature 
exceeds 31.5 °C are more likely to have rheumatoid arthritis. Similarly, for finger temperatures, the two probabil-
ity curves (Fig. 2) intersect at 30.3 °C, which implies that individuals whose temperature is less than 30.3 °C are 
more likely to be healthy; while those persons whose finger temperature exceeds 30.3 °C are more likely to have 
rheumatoid arthritis. These innovative findings report for the first time RA thermographic baseline data for the 
palms, fingers and wrists, making it possible to lay foundations for further studies in this emerging area in clinical 
practice.
Likelihood Ratio Tests
Effect
Model Fitting Criteria Likelihood Ratio Tests
−2 Log Likelihood Chi-Square df P-value
Intercept 878.881 0.000 0 .
Temperature 1057.937 179.1 1 0.000
Finger Location 879.527 0.646 4 0.958
Orientation 878.924 0.043 1 0.836
Table 5. Potential predictors identified by the Logistic Regression model for the finger data.
Effect B
Std. 
Error Wald P-value
Odds 
ratio
95% C.I for Odds Ratio
Lower 
Bound
Upper 
Bound
Intercept −10.261 0.844 147.853 0.000
Temperature 0.338 0.029 138.366 0.000 1.402 1.325 1.483
Table 6. Odds ratio and corresponding 95% CI for temperature for finger temperature.
Figure 2. Probability vs temperature curves for finger regions.
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The authors hypothesize that this temperature difference may be attributed to underlying subclinical disease 
activity or else that the original inflammatory process may cause irreversible thermography changes that persist 
after the disease activity has resolved. Further studies are required.
Timely detection of ongoing synovitis in RA is of paramount importance to help enable tight disease control. 
Thermography may be an innovative imaging modality that could detect changes with increased sensitivity com-
pared to other imaging modalities. As a case in point, whilst ultrasonography had not detected any significant 
changes in our study population, thermography flagged a possible ongoing disease process by reporting these 
higher temperatures.
Unlike another study in the area8, our results clearly demonstrate that there is a significant difference when 
the images of the palms and fingers of RA patients are compared to those of healthy subjects. The differences in 
the results could be that Jones et al. looked at one point over the MCP joints, whilst in this present study, the tem-
peratures over the whole region of interest, whether finger, palm region, or wrist, were averaged. Additionally, in 
this cohort, it was ensured that no participant had inflammatory activity going on in any of the regions of interest.
This study demonstrates an important outcome since, before thermography can be employed as a possible 
clinical tool in the detection of inflammatory disease of the hands, baseline data compared to healthy individuals 
needed to be established. Once the thermographic patterns of normal and RA hands are known, it may become 
possible to use this technology to detect abnormal heat signatures in the interphalangeal and metacarpophalan-
geal joints of the hands.
The applicability of thermography has already been demonstrated in other medical fields such as diabetes, 
where this modality is becoming more widely accepted as an important diagnostic and screening tool to detect 
diabetic foot disease9,10. Likewise, the authors envisage that this technology will become more widely accepted in 
the rheumatology field once more robust research is conducted utilizing large sample sizes with random alloca-
tions to further confirm the results which this study has reported.
One could argue that one possible limitation of this study is the small sample size. However, the researchers are 
confident that even if a larger sample size had to be included, results would still remain the same due to the strong 
statistical results yielded in the study. The same argument could also apply to the fact that not all patients had their 
absence of synovitis confirmed by ultrasound. However, since all patients presented with a DAS28 score < 2.7 and 
low CRP level and no joint tenderness or swelling upon the application of the Ritchie Articular Index, the authors 
are confident that there was indeed no synovitic activities in the concerned joints under investigation.
Another possible limitation of this study is that for each participant the authors measured the temperature 
only once. Although most previous studies in thermography do not do test-retest as part of their methodology, 
it would have been ideal if at least a subgroup of participants had been re-tested to confirm data collected, even 
though a previous study that performed this test-retest on subjects did not find any variability8. This is indeed 
recommended for any future studies involving thermography.
Method
Thirty-one consecutive RA patients were recruited for this non-experimental comparative study. Ethical approval 
was sought and obtained from the University of Malta Research Ethics Committee and all participants were 
treated as per Declaration of Helsinki11. All participants provided written informed consent prior to recruitment 
in the study.
Inclusion criteria were adults aged >18 years, diagnosed with RA by a consultant rheumatologist according to 
the 2010 Revised American College of Rheumatology and European League Against Rheumatism (ACR/EULAR) 
Diagnostic criteria12. Patients with significant co-morbidities that could possibly affect thermal emissivity of the 
hands, such as diabetes mellitus, peripheral arterial disease and neuropathy were excluded from the study. RA 
patients were examined by 2 rheumatologists. Hospital records were consulted to exclude the presence of signif-
icant clinical co-morbidities. Joint tenderness, swelling and pain, together with a DAS28 score >2.7, were also 
exclusion criteria. A random number of participants (n = 21, since for logistical and other personal reasons not 
all participants could attend) also underwent diagnostic ultrasonography by a trained rheumatologist in order to 
ensure that the recruited participants had no active signs of synovitis in their hands and wrists13.
thermography protocol. Thermographic data of RA patients was compared to similar published data of 
healthy individuals, using the same protocol14.
Joint tenderness was assessed by the Ritchie Articular Index (RAI)15. As per EULAR criteria, pressure was 
applied on each joint until there was blanching under the investigator’s fingernail, to apply a consistent amount 
of pressure. The participants’ responses were then scored with 0 for no pain, +1 for Tender, +2 for Tender and 
Winced and +3 for Tender, Winced and Withdrew. If upon the application of the RAI, the participants demon-
strated any result >0, the affected joint was excluded from the analyses to ensure that all included joints were 
pain, tender and swelling-free.
Thermographic images were acquired utilizing a Flir T630 (Flir Systems, Inc., Oregon, USA) thermal cam-
era, following the guidelines of the American Thermology Association16 by an experienced thermographer, so 
that all methods were performed in accordance with the relevant guidelines and regulations in order to ensure 
both rigor and repeatability14,16. The thermal camera employed in this study has an uncooled microbolometer, is 
precision-made for research and scientific applications, with high resolution, high sensitivity and wide, accurate 
temperature range featuring a resolution of 640 × 480 pixels, with 307,200 pixels of temperature data in every 
image captured. Thermal sensitivity/NETD <23 mK@30 °C, a spatial resolution (IFOV) of 0.68mrad, spectral 
range 7.5 to 14 μm, detector pitch 17 μm.
All participants were instructed not to wear any deodorants, antiperspirants, or other cosmetics that could 
affect the acquired thermographic pattern on their hands prior to data collection. Participants were acclamatized 
to the ambient temperature for 20 minutes, as per standard recommendations found in the literature. During this 
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time medical data was collected as outlined above. Participants were also monitored using the thermal camera to 
confirm that the acclimatization process was taking place14.
Thermal images of the palms and dorsal aspect of each hand were recorded. All thermal imaging was per-
formed in the same examination room at a controlled temperature of 23 °C, with the camera mounted on a tripod 
which was placed at a perpendicular distance of 1.5 m from the subject, who stood in front of a uniform backdrop 
with hands extended, with fingers and palms spread in front of the cameras during acquisition14.
Additionally, normative data of healthy individuals were obtained through a previous study in which two of 
the researchers (AG, CF) were directly involved during data collection and analysis. This study established nor-
mative patterns of the hands and feet in healthy adults14. Thus, with appropriate permissions from the concerned 
research group, raw data (mean temperatures of the regions of interest) were directly available to the researchers. 
In this previous study, 51 healthy participating adults without a history of significant medical, surgical, vascular 
or neurological disease were recruited, similarly imaged and analyzed.
Data extraction and analysis. The thermal images were loaded into FLIR ReseachIR Max software version 
4.30.1.70. Regions of interest (ROIs) including the medial, central and lateral palm and fingers from the palmar 
aspect, were analyzed14. Additionally, ROIs for the wrists from the dorsal aspects were obtained (Fig. 3). Those 
ROIs in which the participant RAI scores ≠0 were excluded from the analysis, as were any ROI’s from which data 
could not be extracted cleanly due to digital deformities.
The Kolmogorov-Smirnov test was used to assess the temperature distribution of different parts of the palms 
and fingers, which revealed that all temperature distributions satisfied the normality assumption. As a result, 
parametric tests were used to compare mean temperatures between the two groups of participants for the same 
region and between different regions for the same group of participants. The Independent samples t-test was used 
to compare mean temperatures between two groups or two regions; while the One-Way ANOVA was used to 
compare mean temperatures between three or more regions.
The major limitation of univariate statistical tests is that they investigate solely the relationship between a 
dependent variable and a single predictor. It is well known that a single predictor could be rendered a very impor-
tant contributor in explaining variations in temperatures, but would be rendered unimportant in the presence of 
other predictors.
To overcome this limitation, statistical modeling and multivariate statistical tests were employed. One of 
the important contributions in statistical modelling is the concept of generalized linear models (Nelder and 
Wedderburn, 1972)17. For this modelling procedure, Logistic regression analysis was used to relate the logarithm 
of the odds ratio to the linear combination of 3 predictors (Temperature, Location and Orientation), where the 
odds ratio represents the odds that a patient with RA compared to the odds that the patient is healthy. Location 
and Orientation have a nominal scale and Temperature has a metric scale. A separate model was fitted to the 
palms and fingers data, where both models assumed a Binomial distribution and a Logit link function.
Power analysis for logistic regression models were carried out using the facilities of the Stata program power-
log. To carry out this power analysis, four values are required:
p1: the probability that the response variable equals 1 when the predictor is at the mean
p2: the probability that the response variable equals 1 when the predictor is one standard deviation above the mean
R-squared value which is a measure of goodness of fit
Level of significance (alpha)
Moreover, the size effect size = p2-p1 = 0.26–0.11 = 0.15
Figure 3. Palm regions of interest.
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For the palm data, p1 = 0.11, p2 = 0.26, R-squared = 0.42 and level of significance = 0.05. Moreover, the sam-
ple comprised 492 (186 + 306) observations. Figure 4 shows that this sample guarantees a power larger than 0.95.
Data availability
The authors declare that data will be made available upon request.
Received: 13 December 2018; Accepted: 30 October 2019;
Published: xx xx xxxx
References
 1. Lahiri, B. B., Bagavathiappan, S., Jayakumar, T. & Philip, J. Medical applications of infrared thermography: A review. Infrared Physics 
and Technology 55, 221–235 (2012).
 2. Hay, J. B. & Movat, H. Z. In 33–45, https://doi.org/10.1007/978-3-642-67311-5_2 (Springer, Berlin, Heidelberg, 1979).
 3. Frize, M. et al. Detection of rheumatoid arthritis using infrared imaging. In (eds Dawant, B. M. & Haynor, D. R.) 79620M, https://
doi.org/10.1117/12.874552 (2011).
 4. Raza, K., Buckley, C. E., Salmon, M. & Buckley, C. D. Treating very early rheumatoid arthritis. Best Pract. Res. Clin. Rheumatol. 20, 
849–63 (2006).
 5. Aletaha, D., Smolen, J. & Ward, M. M. Measuring function in rheumatoid arthritis: Identifying reversible and irreversible 
components. Arthritis Rheum. 54, 2784–2792 (2006).
 6. Grisar, J. et al. Depletion of Endothelial Progenitor Cells in the Peripheral Blood of Patients With Rheumatoid Arthritis. Circulation 
111 (2005).
 7. Dougados, M. et al. The ability of synovitis to predict structural damage in rheumatoid arthritis: a comparative study between 
clinical examination and ultrasound. Ann. Rheum. Dis. 72, 665–671 (2013).
 8. Jones, B. et al. Hot joints: myth or reality? A thermographic joint assessment of inflammatory arthritis patients. Clin Rheum 37, 
2567–2571 (2018).
 9. Gatt A. et al. Establishing differences in thermographic patterns between the various complications in diabetic foot disease. Int J 
Endocrin. Article ID: 9808295, https://doi.org/10.1155/2018/9808295 (2018).
 10. Gatt, A. et al. The identification of higher forefoot temperatures associated with peripheral arterial disease in type 2 diabetes mellitus 
as detected by thermography. Prim Care Diab. 2018. 12(4), 312–318 (2018).
 11. World Medical Association. World Medical Association Declaration of Helsinki: ethical principles for medical research involving 
human subjects. JAMA 310, 2191–4 (2013).
 12. Aletaha, D. et al. Rheumatoid arthritis classification criteria: An American College of Rheumatology/European League Against 
Rheumatism collaborative initiative. ARTHRITIS Rheum. 62, 2569–2581 (2010).
 13. Terslev, L., Torp-Pedersen, S., Qvistgaard, E., von der Recke, P. & Bliddal, H. Doppler ultrasound findings in healthy wrists and 
finger joints. Ann. Rheum. Dis. 63, 644–8 (2004).
 14. Gatt, A. et al. Thermographic patterns of the upper and lower limbs: Baseline data. Int. J. Vasc. Med. 2015 (2015).
 15. Ritchie, D. M. et al. Clinical studies with an articular index for the assessment of joint tenderness in patients with rheumatoid 
arthritis. Q. J. Med. 37, 393–406 (1968).
 16. Ring, E. & Ammer, K. The technique of infrared imaging in medicine. Thermol. Int. 10, 7–14 (2000).
 17. Nelder, J. A. & Wedderburn, R. W. M. Generalized Linear Models. J. R. Stat. Soc. Ser. A 13517213, 370–384 (1972).
Acknowledgements
The authors would like to thank the Consultant Rheumatologists at Mater Dei Hospital, Malta for their help in 
the recruitment process. The authors would like also to thank the Diabetes Foot Research Group of the University 
of Malta for allowing the use of normative temperature data. The authors have received no funding in order to 
conduct this study.
Figure 4. Sample size vs power.
8Scientific RepoRtS |         (2019) 9:17204  | https://doi.org/10.1038/s41598-019-53598-0
www.nature.com/scientificreportswww.nature.com/scientificreports/
Author contributions
A.G., C.F. developed the concept, study design, data collection and wrote the manuscript; C.M. performed 
diagnostic ultrasound tests, contributed to the manuscript; A.B. facilitated subject selection and contributed to 
the manuscript; A.G. (2) facilitated subject selection and data collection; L.C. performed statistical analysis and 
contributed to the manuscript; C.G. extracted data and contributed to the manuscript; N.C. helped with study 
design and contributd to the manuscript. All authors agreed on the final version of the manuscript.
competing interests
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to A.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
